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Amine N-acetylation in the pineal gland is of special 
importance because it is the  first  step  in  the  synthesis 
of melatonin from serotonin. In the present study  the 
N-acetylation of arylamines  and  arylalkylamines by 
homogenates of rat and sheep pineal glands was inves- 
tigated. The  arylamines studied were  p-phenetidine 
and  aniline; the arylalkylamines studied were  tryp- 
tamine, serotonin,  5-methoxytryptamine, 6-fluoro- 
tryptamine,  and phenylethylamine. These amines were 
acetylated by pineal homogenates of both species, al- 
though marked interspecies differences in  apparent K,,, 
and V,, values were found. A series of observations 
in both species indicate that aromatic amine N-acety- 
lation is catalyzed by two  distinct enzymes; one pref- 
erentially  acetylates  arylamines  and the other  prefer- 
entially  acetylates  arylalkylamines.  First,  isoproter- 
enol treatment of the  rat increased arylalkylamine N- 
acetylation 100-fold without increasing  arylamine N- 
acetylation. Second, cycloheximide treatment  in sheep 
reduced arylalkylamine N-acetylation at night to one- 
tenth control values, without altering  arylamine N- 
acetylation. Third,  arylamine  N-acetyltransferase  and 
arylalkylamine  N-acetyltransferase  inactivated at dif- 
ferent rates  at 4 OC. Fourth,  the two enzymes were 
resolved by size exclusion chromatography. These re- 
sults  clearly establish that  the pineal gland contains an 
arylamine  N-acetyltransferase  and a second, inde- 
pendently regulated  arylalkylamine  N-acetyltransfer- 
as8 which appears  to be primarily responsible for  the 
physiological conversion of serotonin to melatonin via 
the  intermediate N-acetylserotonin. 

Amine N-acetylation  in the pineal gland is of special im- 
portance because it is the  first  step in the serotonin (5 -  
hydroxytryptamine) + N-acetylserotonin + melatonin(N- 
acetyl-5-methoxytryptamine) pathway (1). Melatonin is the 
pineal  hormone which controls  photic-induced  seasonal 
changes  in the physiology, including reproduction (2.3). Large 
daylnight differences in the production and release of mela- 
tonin  are caused by changes  in the enzymatic N-acetylation 
of serotonin, which is under  photic-neural  control (4). 

Aromatic amine  N-acetylation has been reported  in many 
tissues and studied in detail  in the liver where it appears that 
a single enzyme, ary1amine:acetyl-CoA N-acetyltransferase 
(EC 2.3.1.5), acts on  both  arylamines and arylalkylamines 
with broad specificity ( 5 ) .  The same identification has been 
used for the pineal enzyme. However, limited studies  in the 
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rat indicate that pineal and liver N-acetyltransferase differ in 
specificity (6, 7), stability (8), inhibition by melatonin (9), 
and  apparent size (10). Also, whereas the enzymatic N-ace- 
tylation of serotonin increases 30-70-fold  in the  rat pineal 
gland at  night,  neither the liver nor any other tissue  exhibit 
such  a large change in activity (11). In addition to these 
tissue-related differences, interspecies differences in  the pi- 
neal enzyme have also been reported. These include differ- 
ences in  the  daylnight ratio of activity (12), inhibition by 
melatonin, and stability (9). Most recently, comparative stud- 
ies on rat  and sheep  in our laboratory have revealed not only 
that  there  are marked differences in the day/night activity 
ratios, but also that  the mechanisms regulating serotonin N- 
acetylation are different in these two species (13).' In addition, 
these  studies revealed that pineal serotonin  concentration is 
50-fold greater in rat  than in sheep, suggesting that  the K,,, of 
N-acetyltransferase for serotonin may also be different. 

The  apparent diversity among tissues and species in the 
acetylation of aromatic  amines and  the special importance of 
serotonin acetylation in the pineal gland have prompted us  to 
study the N-acetylation of arylamines and arylalkylamines by 
rat  and sheep pineal homogenates. The results indicate that 
in  both species the pineal gland contains an arylamine N- 
acetyltransferase and a  distinct, independently controlled, 
arylalkylamine N-acetyltransferase which is involved in mel- 
atonin synthesis. The  latter is identified as acety1CoA:- 
arylalkylamine N-acetyltransferase.  Distinct interspecies 
differences in  the kinetic  characteristics of both enzymes also 
exist. 

EXPERIMENTAL  PROCEDURES 

Materials-The following compounds were purchased: [acetyl-l- 
"C]coenzyme A (53 Ci/mol), [methyl-'4C]y-globulins (15 pCi/mg), 
[methyl-"Clbovine serum albumin (10 pCi/mg), [methyl-"Clovalbu- 
min (10 pCi/mg), [methyl-"Clcarbonic anhydrase (10 pCi/mg), 
[methyl-'4C]cytochrome c (15 pCi/mg) (New England Nuclear); tryp- 
tamine (Schwartz/Mann); acetophenetidine, serotonin, 5-methoxy- 
tryptamine, cycloheximide, and bovine serum albumin (Sigma); par- 
gyline, 6-fluorotryptamine, and phenylethylamine (Aldrich); p-phe- 
netidine citrate and aniline (City Chemical Corp., New York, NY); 
DL-isoproterenol HCl (Regis Chemical Co., Morton Grove, IL); acetyl 
coenzyme A and dithiothreitol (Boehringer). 

Animal Treatments-Control and superior cervical ganglionectom- 
ized Sprague-Dawley rats, 150-200 g (Zivic-Miller Labs) were housed 
in LD 1410, with lights off at 1900 and killed at 1400. To stimulate 
rat pineal N-acetyltransferase activity, animals were injected with 
DL-isoproterenol (10 mg/kg) in 0.01 M sodium phosphate buffer, pH 
7, containing 0.9% NaCl (phosphate-buffered saline) 4 h before killing 
(14). Sheep (12-14-month-old male Dorset X Rambouillet, weighing 
50-60  kg)  were obtained from a breeding herd under the supervision 
of the National Heart, Lung and Blood Institute. Animals were kept 
in a light-tight box stall  (LD 12:12, lights off at 1900). Daytime 
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animals were killed at  1000; nighttime  animals were killed in the dark 
at 2300. Cycloheximide (4 mg/kg in phosphate-buffered saline) or 
phosphate-buffered saline alone was administered to sheep intrave- 
nously 30 min before lights off and all animals were  killed 30 min 
after lights off.‘ 

Tissue  Treatments-All pineals were  quickly dissected out and 
immediately frozen on solid  COz before storing at -30 “C. Rat pineals 
were sonicated in groups of  10-20. Individual sheep pineals were 
minced and homogenized in  a glass homogenizer. Blood samples were 
collected and frozen on solid CO,. Aliquots were  homogenized  by 
sonication. 

Enzyme Assays-N-Acetyltransferase activity was routinely mea- 
sured with 0.5 mM [“C]AcCoA’ (specific activity = 2 Ci/mol) and 10 
mM amine substrate  as previously described (15). When assaying the 
enzyme activities in  HPLC fractions, 0.1 mM [14C]AcCoA (specific 
activity = 10 Ci/mol) and either 10 mM tryptamine or 3 mM p- 
phenetidine were  used. The reaction products were extracted into 
chloroform, and  the organic phase was rinsed once with sodium 
phosphate buffer, 0.1 M, pH 6.8, and twice with 1 M NaOH. In a 
preliminary experiment the 14C-acetylated products formed from p- 
phenetidine, aniline, and phenylethylamine were identified using thin 
layer chromatography on precoated silica gel plates with chloroform/ 
methanol/acetic acid (90101)  as solvent. Recovery of the acetylated 
products by chloroform extraction was >95%. 

Kinetic Analyses-The enzyme was prepared and assayed as fol- 
lows: individual sheep pineals or a pool of  20 rat pineals were 
homogenized in 0.1 M sodium phosphate buffer, pH 6.8 (1 mg,  wet 
weight, per 10 pl). When the acetyl acceptor was  used at varying 
concentrations, the 10,000 X g pineal supernatant was incubated with 
1 mM pargyline at 37 “C for  10 min to inhibit specifically monoamine 
oxidase activity (16, 17); 1.5 mM [“CIAcCoA  (specific activity = 3.3 
Ci/mol) was also included to prevent thermal inactivation of the N- 
acetyltransferase during this incubation (18). After cooling on ice, 
this solution was  used as the source of enzyme and AcCoA. When the 
AcCoA concentration was varied, or when studying the partially 
purified enzyme, monoamine oxidase activity was not inhibited. The 
concentration range of the varied substrate in the assay was adjusted 
from 0.2 to 5-fold Km(app)  and  the fixed substrate was either 1 mM 
[’4C]AcCoA (specific activity = 3.3 Ci/mol), 10 mM tryptamine, 1 mM 
tryptamine, or 3 mM p-phenetidine. The assay was done in 20 pl of 
0.1 M sodium phosphate buffer, pH 6.8, at 37 “C for IO min and 
stopped by the addition of 1 ml  of chloroform. The reaction products 
were extracted  into chloroform except for N-acetylserotonin. When 
serotonin was  used as  substrate, the reaction was stopped by placing 
the tubes on solid CO, and 20 p1 of ethanol containing 10 pg  of N- 
acetylserotonin was added. The reaction product was separated by 
TLC as previously described (19), and eluted with 1 ml  of ethanol. 
To measure the degradation of  [‘4C]AcCoA, the reaction was stopped 
on solid CO, and 20 pl  of ethanol was added. The [14C]AcCoA was 
isolated by TLC using ethanol, 1 M ammonium acetate (52),  eluted 
with 0.5  ml of water, and counted in aqueous fluor (20). Boiled enzyme 
was used as a blank. The kinetic constants were calculated using the 
“Ligand” program (21). 

Partial Purification of Arylalkylamine N-Acetyltransferase-Rat 
pineal arylalkylamine N-acetyltransferase was partially purified by 
disulfide-exchange chromatography on  a Sepharose-cystamine col- 
umn (22). A Sepharose-cystamine column (0.5  ml)  was equilibrated 
with 0.1 M sodium citrate, 10 mM sodium veronal buffer, pH 8.5. The 
10,000 X g supernatant of 20 rat pineal glands in 25 mM ammonium 
acetate,  pH 6.5,  was  mixed with 2 volumes of 0.3 M sodium citrate, 
30 mM sodium veronal buffer, pH 8.5, and loaded on the column. The 
column was  washed sequentially with (i) the equilibration buffer (10 
ml) (i i)  0.1 M sodium citrate buffer, pH 6.5 (20 ml), and (iii) finally 
with 25  mM ammonium acetate buffer, pH 6.5, containing 10 mM 
dithiothreitol (20 ml). After standing overnight in the presence of 
this buffer, the column was washed with 25 mM ammonium acetate, 
pH 6.5 (20 ml), and  the enzyme was eluted with 0.1 M sodium citrate 
buffer, pH 6.5. This method yields a 15-fold enrichment of activity. 

HPLC Size Excksion-Rat or sheep pineal glands were homoge- 
nized in 10 mM ammonium acetate, pH 6.8 (1 mg,  wet  weight, per 10 
pl), and centrifuged at 100,000 X g for 30 min. The  supernatant was 
injected into a system composed of two TSK columns (Kratos Ana- 
lytical Instruments, Ramsey, NJ; total column volume = 27 ml, void 

‘The abbreviations used are: AcCoA, acetyl-coA, HPLC, high 
pressure liquid chromatography, LD, a lighting schedule with the 
given hours of light and darkness. 

volume = 12 ml) pre-equilibrated with 100 mM ammonium acetate, 
pH 6.8, containing 10 mM dithiothreitol and 0.1  mg/ml  of  bovine 
serum albumin (22). The elution was done with the same buffer at a 
flow rate of 1 ml/min. Fractions of 0.4 ml were collected and assayed 
for N-acetyltransferase activity with tryptamine and p-phenetidine. 

Protein Assay-Proteins were measured using a dye-binding 
method (23) with bovine serum albumin as standard. 

RESULTS 

Kinetic Studies (Table I) 

The kinetic characteristics of amine-acetylation were stud- 
ied using five arylalkylamines and two arylamines (Table  I). 
As described under “Experimental Procedures,” complicating 
effects of amine oxidation were minimized by inhibiting 
monoamine oxidase activity with pargyline. The degradation 
of 1 mM AcCoA  was less than 10%  in  studies of amine K,. 
Accordingly, it was unlikely that  the  apparent kinetic con- 
stants were significantly influenced by amine oxidation or 
acetyl-coA degradation. 

Acetylation of Arylulkylumines-The pineal supernatant 
from isoproterenol-treated rats appears to contain an enzyme 
which has  a K,(app)  for tryptamine of  1.7-4.5  mM, in agree- 
ment  with previous studies ( 7 ) .  A similar value (3.4  mM) was 
found after  a 15-fold enrichment of this enzyme on a  Sepha- 
rose-cystamine column. The K,(app) and V,,,(app) values 
obtained with 3 other indoleamines were generally similar to 
those  obtained using tryptamine (Table  I);  the serotonin value 
agrees with a previous report ( 7 ) .  It  should be noted that 
during the course of these  experiments we observed an unex- 
plained 2-3-fold variation  in  kinetic  parameters using tryp- 
tamine. In view  of this, all K, values obtained using the crude 
homogenate must be  viewed with some caution. A 10-fold 
higher K,(app)  was observed for phenylethylamine (Table I). 

In  the  rat,  the K,,,(app) for AcCoA  was  0.15 mM in the 
presence of tryptamine. This agrees with a previous report 
( 7 ) ,  and with the value (0.22 mM) found with the partially 
purified enzyme preparation. There was 35% and 10% deg- 
radation of 0.1 mM AcCoA, respectively, in  these studies. The 
lower degradation of  AcCoA in the partially purified prepa- 
ration may reflect the absence of  AcCoA hydrolase. 

Individual sheep pineal supernatant preparations were used 
to  study pineal arylalkylamine acetylation. The range of 
K,(app) values for tryptamine  in eight sheep pineal glands 
was 0.04-0.18  mM. A similar KJapp) was found for the  other 
indoleamines studied, although 5-methoxytryptamine  tended 
to yield lower values (Table I). It is clear that  the K,(app) for 
indoleamines is at  least 10-fold lower in sheep than in  rat. 
With  an individual sheep pineal, the K,(app) for phenyleth- 
ylamine (0.43 mM) was 10-fold higher than  that for trypta- 
mine (0.04 mM). Studies on sheep pineals obtained during the 
day or night indicated there were no daylnight differences in 
the K,(app)  for tryptamine,  serotonin, and AcCoA. The noc- 
turnal increase of  V,,.(app) was typically 1.5-5-fold.  How- 
ever, a 3-fold variation in  the absolute value of  V,.,(app) and 
its day/night  ratio was observed between groups of pineals 
obtained over several weeks. 

The K,(app) for AcCoA was 0.078 mM in the presence of 
tryptamine. Degradation of 0.1 mM AcCoA at  the end of the 
incubation was 35%. 

Acetylation of Arylamines-Rat and sheep pineal superna- 
tants prepared from glands obtained during the day or night 
acetylate p-phenetidine and aniline. 

The  rat gland appeared to contain an enzyme which had  a 
K,(app) for p-phenetidine (0.27 mM) similar to that for ani- 
line (0.65  mM); the V,,,(app) values for both substrates were 
also similar. In contrast, the sheep  pineal gland appeared to 
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TABLE I 

Kinetics of arylalkylamine, and arylamine,  acetylation  with rat and sheep  pineal  supernatant  preparations 
(10,000 x R, 
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All  amine substrates were  studied in the  presence of 1 mM acetyl  coenzyme A. Acetyl  coenzyme A was  studied 
in  the  presence of 10 mM tryptamine (a), 1 mM tryptamine (b), 3 mM p-phenetidine (c). Values  are  mean f S.E. 
(number of determinations  in  parenthesis) or estimated from a single  fit f percentage of error on the  fit. 

Rat 
Substrate 

Sheep 

K,(app) VAapp) KAapp) VdaPp)  

mM nmollminlmg 
protein mM nmol/rnin/mg 

protein 

Tryptamine 3.5 f 0.5 (5) 2.75 f 0.8 (5) 0.11 f 0.02 (8) 0.44 f 9%" 
Serotonin 2.0 f 13% 1.43 f 7% 0.085 f 0.013 (2) 
5-Methoxytryptamine 

0.67 f 6.9%" 
2.8 f 8% 3.5 f 4% 0.028 f 0.001 (2) 

6-Fluorotryptamine 
0.36 f 4.4%" 

Phenylethylamine 
0.49 f 7.8%" 

22 f 8.7% 
p-Phenetidine 

7.13 f 7.7% 
0.27 f 0.07 (3) 0.85 ? 0.13 (3) 0.38 f 0.02 (5) 

4.01 f 9% 

Aniline 
8.52 f 2.96 (5) 

0.65 f 0.06 (2) 0.79 f 0.12 (2) 3.8 f 9% 3.75 f 6.4% 
Acetyl  coenzyme A 

3.4 f 9% 1.0 f 5.7% 0.057 f 0.027 (2) 
0.43 f 13% 

(a) 0.15 f 11.6% 
(b) 
(C) 5.9 -t 17% 3.5 f 10% 1.59 -t 6% 29 f 4.5% 

5.02 k 4% 
0.078 f 5.4% 1.53 f 4% 

V-(app) values obtained  on the same sheep pineal gland  are  presented  to allow comparison between 
indoleamines. 

contain  an enzyme that  had a K,(app) for p-phenetidine (0.38 
mM) which was one-tenth  that for aniline (3.8 mM) and  the 
V,,,,.(app) with p-phenetidine was about 2-fold greater than 
with  aniline. In sheep,  a large individual variation  in enzyme 
activity was observed using  p-phenetidine. The same individ- 
ual variation was found in aniline but not  in tryptamine 
acetylation (data  not shown). 

The K,(app) for acetyl-coA with p-phenetidine was 5.9 
mM in the  rat  and 1.6 mM in the sheep  preparations.  These 
values are 20-40-fold greater than  the K,(app) for AcCoA 
measured with tryptamine. Comparison of the V,,,,(app) val- 
ues for the  rat  and sheep  arylamine  N-acetylation  indicates 
the sheep value is 10-fold greater than  the  rat value. 

Differential Regulation of Pineal Arylamine 
N-Acetyltransferase and Arylalkylamine 

N-Acetyltransferase (Table ZI) 
The presence of two forms of N-acetyltransferase was in- 

vestigated by determining  whether  arylamine acetylation and 
arylalkylamine  acetylation were controlled differentl~.~  In  the 
rat, isoproterenol treatment, which increased daytime N- 
acetylation of tryptamine  and phenylethylamine  about 100- 
fold, did not significantly alter  the acetylation of the two 
arylamines  tested (Table 11). In  the sheep, cycloheximide 
treatment caused a 90% reduction in arylalkylamine acetyla- 
tion  but did not significantly alter arylamine  acetylation 
Table 11). These  observations provide evidence that arylamine 
and arylalkylamine  acetylations are differentially regulated 
in  the mammalian pineal gland. 

Different Stability of Arylamine N-Acetyltransferase and 
Arylalkylamine N-Acetyltransferase (Fig. 1) 

During the course of these  studies, we found that  the 
enzyme which acetylates  p-phenetidine is labile upon storage 
in the cold. In  both species arylamine  acetylation decreased 
more quickly at  4 "C than arylalkylamine acetylation (Fig. 1). 
Complete loss of p-phenetidine and aniline  acetylation oc- 
curred after 24 h  in the  rat  and over 95% of the activity 

This agrees  with the  results of an unpublished experiment which 
found that isoproterenol-treatment of the rat results in an increase 
in tryptamine  N-acetylation,  but  not  in  the  N-acetylation of isoniazid 
or p-aminobenzoic acid by the pineal gland. 

disappeared after 48 h  in the sheep. The corresponding inac- 
tivation of arylalkylamine acetylation was 50% in the  rat  and 
25% in the sheep. 

Chromatographic Separation of Arylamine 
N-Acetyltransferase and Arylalkylamine 

N-Acetyltransferase Activity (Fig. 2) 

Size exclusion HPLC was used to  attempt  to separate 
arylamine N-acetyltransferase and arylalkylamine N-acetyl- 
transferase; it  has been previously established that tryptamine 
N-acetylation can be chromatographically resolved into two 
peaks (22, 24). Size exclusion chromatography of the 100,000 
X g supernatant from isoproterenol-treated rat pineal glands 
revealed that  tryptamine acetylation was present  in two peaks 
(Fig. 2A).  One contained molecules with an  apparent molec- 
ular mass of about 100,000 daltons and accounted for 75% of 
the recovered activity; the K,,,(app) for tryptamine was  0.86 
mM (-+ 6%).  The second peak contained molecules with an 
apparent molecular mass of  20,000-25,000 daltons; it had  a 
K,,,(app) for  tryptamine of 1.8 mM (k 20%). The  total recovery 
of applied activity  in two runs was  50 and 80%. Arylamine N- 
acetylation was detected in a single intermediate peak ( M ,  = 
35,000), with 80% recovery (Fig. 2 4 ) .  

A significant level of tryptamine  N-acetylation activity was 
detected in the peak fractions for the p-phenetidine acetyla- 
tion activity, making it unclear whether  one or two enzymes 
were present. To examine this, these  fractions were  pooled 
and  tryptamine  and p-phenetidine were added in saturating 
concentrations to determine if acetylation was additive in  the 
pool. A positive result was obtained  indicating that two en- 
zymes  were probably present  in  these  fractions  (Table 111). 

As observed in  the  rat, size exclusion HPLC of the night 
sheep pineal supernatant showed a clear separation between 
the peak of tryptamine N-acetylation activity and  the peak 
of p-phenetidine  N-acetylation activity (Fig. 2B). However, 
the elution profile of tryptamine N-acetylation was slightly 
different from that described above in  the  rat, since the higher 
M,  peak contained 90% of the recovered activity and a  distinct 
lower M,  peak of activity was not  apparent. The recovery for 
tryptamine N-acetylation was 50% in two runs. In addition, 
we observed a low but clear activity towards p-phenetidine  in 
the peak  fractions for tryptamine  N-acetylation (Fig. 2B). p- 
Phenetidine  N-acetylation was  2.5-4-fold  lower than  tryp- 
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TABLE I1 
Effect of selected treatments on arylamine and arylalkylamine  N-acetyltransferase  activities  in rat and sheep pineal 

glands 
Rats received isoproterenol (10 mg/kg) or saline and were  killed during the daytime.  Sheep  received  cycloheximide 

(4 mg/kg) or saline 30 min  before lights off and were  killed  in the dark 30 min after  lights off. N-Acetyltransferase 
activities were  measured  with  0.5 mM AcCoA and  10 mM amine substrate. Results are expressed as the mean f 
S.E. of triplicate determinations. 

N-Acetyltransferase activity 

Substrata Rat Sheep 

Control 
h Y  

Isoproterenol Control 
night Cycloheximide 

Tryptamine 
Phenylethylamine 
p-Phenetidine 
Aniline 

0.011 f 0.0007 
0.019 f 0.005 
0.20 f 0.036 
0.14 f 0.007 

4 
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FIG. 1. Time  course  of inactivation (4 "C) of pineal aryla- 
mine  and arylalkylamine N-acetyltransferases. Samples of pi- 
neal supernatant preparations (l0,OOO X g) were stored at 4 "C for 
the indicated time and assayed with 0.5 mM AcCoA and 10 mM amine 
substrate. 

tamine  N-acetylation  in  these  fractions,  but  accounted for 
only 2% of the  totalp-phenetidine  N-acetylation activity. The 
presence of two  enzymes in  the  peak  fractions for tryptamine 
acetylation was investigated  using  the  additivity  test described 
above. The  absence of additivity suggests that  the  tryptamine 
acetylating enzyme is  also responsible  for the low level of p- 
phenetidine  acetylation  in  these  fractions  and  that two en- 
zymes are probably not  present  (Table 111). 

The peak  in  sheep  p-phenetidine  N-acetylation  contained 
molecules with  an  apparent M, = 35,000; it  had 80% of the 
initial  p-phenetidine  N-acetylation activity. 

Location of Arylamine  N-Acetyltransferase (Table IV) 
Possible  cellular sites of arylamine  N-acetylation  in  the 

pineal  gland include blood cells and  sympathetic nerve end- 
ings, in  addition  to  the  pineal cells. Although it has already 
been established  that  the enzyme  which N-acetylates  tryp- 
tamine  in  the  rat is located in  pineal cells (25), the location 
of arylamine  N-acetylation  activity  is  not known. To  deter- 
mine  the relative contribution of blood arylamine  N-acetyl- 
transferase (26) to  the  p-phenetidine  acetylation  in  the pineal, 

nmol/min/mgprotein 
1.5 f 0.25 0.71 f 0.07 0.06 f 0.015 
1.5 k 0.15 0.66 -+ 0.07 0.075 f 0.025 

0.13 f 0.006 0.42 & 0.1 0.35 f 0.1 
0.08 f 0.018 0.115 f 0.049 0.095 f 0.03 

the  activity  on  p-phenetidine was measured  in  rat  and  sheep 
blood. The blood/pineal ratio of enzyme activity  on a protein 
basis was about 1 2  in  the  rat  and 120 in  the  sheep  (Table 
IV). Given the low level of blood contamination  in  the  pineal 
homogenates, it is unlikely that  the blood enzyme contributes 
significantly to  the activity measured  in  the pineal. 

Arylamine N-acetyltransferase was also measured in  dener- 
vated  pineal glands, obtained from superior  cervical gangli- 
onectomized rats. Arylamine N-acetyltransferase  activity  in 
these glands did  not decrease, as compared to  intact glands 
(Table IV), suggesting arylamine  N-acetyltransferase  occurs 
primarily  in  pineal cells. 

DISCUSSION 

The  findings  in  this  report clearly establish  that  arylamine 
N-acetylation  in  the  mammalian  pineal gland is primarily 
catalyzed  by one enzyme, and  that arylalkylamine N-acety- 
lation is catalyzed by another.  There  are  three  central  obser- 
vations  supporting  this conclusion. First,  in  both  the  rat  and 
sheep,  arylalkylamine N-acetylation markedly changes within 
hours  as a result of drug  treatment  without a change  in  the 
activity of arylamine  N-acetylation. Second, arylamine N- 
acetyltransferase  activity  is labile,  whereas  arylalkylamine N- 
acetyltransferase  is relatively stable  in  the cold. Third,  aryl- 
amine  N-acetyltransferase  can be  chromatographically  re- 
solved from arylalkylamine N-acetyltransferase. 

This  report  is  the  first body of evidence establishing  the 
existance  in  one  tissue of both  an  arylamine  and a distinct 
arylalkylamine  N-acetyltransferase.  In  contrast,  it  appears 
that  the  mammalian liver contains  an enzyme activity which 
can  acetylate  arylamines, including p-phenetidine,  and  aryl- 
alkylamines,  including serotonin ( 5 ) .  This enzyme activity 
varies  on  an individual basis  in  humans, monkeys, and  rabbits, 
and  is controlled  genetically ( 5 ) ;  individuals  fall into  either 
rapid  or slow acetylator  phenotype groups. Purified  prepara- 
tions of the  rabbit liver  enzyme have been  shown to  acetylate 
phenetidine, isoniazid, and  serotonin (27, 28). Although it is 
possible that  the  two types of substrate specificity  observed 
actually  represent two  enzymes in  the  rabbit liver, it  has  not 
yet been  possible to  separate  them by chromatography.  In 
contrast,  recent  studies  have revealed that  the rapid acetylator 
hamster liver contains two  molecular forms of N-acetyltrans- 
ferase, with  different  substrate specificity, which can be sep- 
arated  using ion-exchange chromatography (29,30). However, 
the  acetylation of arylalkylamines by these enzymes has  not 
yet been described. 

Pineal Arylalkylamine N-Acetyltransferase-These studies 
have  revealed  a number of interesting  characteristics of the 
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FIG. 2. Size exclusion HPLC pro- 
files of arylamine and arylalkyla- 
mine N-acetyltransferases from  rat 
and sheep  pineal  glands. The super- 
natant (100,000 X g) from rat (A)  and 
sheep ( B )  pineal homogenates were chro- 
matographed. The fractions were as- 
sayed with 0.1 mM AcCoA and either 10 
mM tryptamine or 3 mM p-phenetidine. 
Upper arrows indicate molecular weight 
markers: y-globulins, 150,000; bovine 
serum albumin, 66,000; ovalbumin, 
46,000; carbonic anhydrase: 30,000; cy- 
tochrome c, 13,000. 

Elution Vdume (mll 

TABLE 111 
Test of the additivity of tryptamine and p-phenetidine N-acetylation 

in the HPLC fractions containing both  enzyme activities 
In the  rat,  the fractions from 20.2  ml to 22.2  ml  were  pooled (Fjg. 

2 A ) .  In the sheep, the fractions from 16.6 to 17.6 ml were  pooled  (Flg. 
2B). The pools were assayed for N-acetyltransferase activity with 0.1 
mM AcCoA and saturating  concentrations of either  tryptamine, p- 
phenetidine or both  substrates together. Data is the mean f S.E. of 
the number of replicates in  parenthesis. 

Substrate 
N-Acetyltransferase activity 

Rat Sheep 
pmol/min/ml 

Tryptamine (10 mM) 57 f 2 (2) 35 iz 2 (3) 
p-Phenetidine (3 mM) 58 f 2 (2) 15 1 (3) 
Tryptamine (10 mM) + 110 f 18 (2) 30 iz 2 (3) 

p-Phenetidine  (3 mM) 

TABLE IV 
Location of pineal arylumine N-acetyltransferase 

Experiment I, the 10,000 X g supernatants from blood or pineal 
homogenates were assayed for arylamine N-acetyltransferase activity. 
Experiment 11, pineal glands were obtained from control and superior 
cervical gangliorectomized rats. After sonication, the 10,000 X g 
supernatants were assayed for arylamine N-acetyltransferase activity. 
Assays  were carried out with 0.5 mM AcCoA and 10 mM p-pheneti- 
dine. Data  is mean f S.E. of the number of determinations in 
uarenthesis. 

Sample 

Experiment I 

Blood 
Pineal 

Blood 
Pineal 

Experiment I1 

Rat 

Sheep 

Rat 
Control pineal 
Denervated Dineal 

p-Phenetidine 
N-acetylation 

nmol/min/mg protein 

0.110 f 0.007 (4) 
0.190 f 0.018 (3) 

0.137 f 0.002 (4) 
3.2 iz 0.07 (2) 

0.250 f 0.017 (4) 
0.410 -t 0.09 (2) 

enzyme which acetylates indoleamines in  the pineal gland. 
First,  this enzyme appears  to have a greater affinity for the 
indole ring compared to  the phenyl ring, as evidenced by the 
10-fold lower KJapp) values for four indoleamines as com- 

140 

C 

pared to  that of phenylethylamine  in  both species we studied. 
Substitutions  on the indole ring do not significantly alter  the 
kinetics of the reaction. Apparently the enzyme cannot dif- 
ferentiate between these analogs. The marked difference in 
affinity for the indoleamines as a group, as compared to 
phenylethylamine might be due specifically to  the indole 
nitrogen or in  a more diffuse effect to  the larger ring structure 
of the indoleamines, a possibility which could be investigated 
using indane analogs. 

The chromatographic resolution into two peaks of the pin- 
eal arylalkylamine N-acetyltransferase in  the presence of 
ammonium acetate  has been reported (22) .  Our finding that 
both forms had a  similar K,(app) for tryptamine  in the  rat 
suggests they  are closely related; they might represent differ- 
ent quaternary structures of an identical gene product. This 
is also supported by the observation that pineal arylalkyla- 
mine N-acetyltransferase  elutes in a single peak ( M ,  = around 
30,000) in the presence of sodium citrate (22 )  or potassium 
phosphate (10). The K,,,(app) for tryptamine in the first peak 
was  lower than  the values measured on the crude supernatant. 
This may be due to  the presence of 10 mM dithiothreitol  in 
the  HPLC eluate, because the redox state of a  thiol group 
carried by the arylalkylamine N-acetyltransferase is known 
to affect the catalytic activity (24) .  In  the sheep, the presence 
of two peaks of tryptamine  N-acetylation activity has been 
previously reported (24). However, the relative amplitude of 
these two peaks varies among indwiduals: which might ac- 
count for the absence of a distinct lower M, peak in  the 
present study. 

The enzymes from rat  and sheep differ significantly in  their 
kinetic  properties and specificity. Comparison of the K,(app) 
for all indoleamines indicate that  the values for sheep are 
consistently lower. As mentioned in the Introduction, this 
was not unexpected because the concentration of serotonin  in 
the sheep pineal gland is about 2% of that in the  rat (13). 
Another difference is that, according to  HPLC  and  additivity 
experiments, the tryptamine-acetylating enzyme from sheep 
pineal can act to a limited degree on  p-phenetidine, whereas 
the rat enzyme cannot  and shows a  clear-cut specificity for 
arylalkylamines. 

Pineal Arylamine N-Acetyltransferase-Multiple forms of 
arylamine N-acetyltransferase have been described in various 

' P. Voisin, M. A. A. Namboodiri, and D. C. Klein, unpublished 
results. 
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tissues including liver, gut mucosa, spleen, kidney, and blood 
where they play a role in the detoxification of aromatic  amines 
(26,31).  This study has revealed the presence of an arylamine 
N-acetyltransferase in  the pineal gland, and some interesting 
characteristics of this enzyme have emerged. First,  it would 
appear that, unlike the liver enzyme, the pineal arylamine N- 
acetyltransferase does not  N-acetylate indoleamines. This 
adaptation precludes the participation of the arylamine N- 
acetyltransferase in melatonin  synthesis, and channels the 
serotonin -+ melatonin  pathway exclusively through the aryl- 
alkylamine N-acetyltransferase. The presence of these two 
independently  controlled  N-acetyltransferases  with  marked 
substrate specificity appears as  an efficient means of inde- 
pendently  maintaining both  the rhythmic  N-acetylation of 
serotonin, necessary for the special function of the pineal 
gland, and the unvarying N-acetylation of potentially toxic 
arylamines. A second noteworthy characteristic of the pineal 
arylamine N-acetyltransferase is the high K,,,(app) for AcCoA 
using p-phenetidine as substrate. This observation raises the 
possibility that  another acyl coenzyme A with  a higher affinity 
for the enzyme is the  natural substrate. Further investigation 
of this possibility as well as  the  attempt to identify an endog- 
enous acyl acceptor might lead to  the description of a specific 
function of this enzyme. Third,  the pineal arylamine N- 
acetyltransferase is labile whereas the liver enzyme is appar- 
ently  stable in  the cold. 

As a final comment, it is of interest  to raise the question of 
whether pineal  arylamine and arylalkylamine N-acetyltrans- 
ferase are related. It may  be possible that both enzymes are 
derived from the same gene, and  that post-transcriptional or 
post-translational processing produces differences in  stability, 
specificity, and quaternary structure. Alternatively, these en- 
zymes might reflect the expression of two genes. This is 
supported by the finding that, in the  rat, isoproterenol alters 
the activity of the arylalkylamine N-acetyltransferase only. 
This regulation is thought to involve gene expression (32). 
However, another possibility to be considered is that  the gene 
expressed as a  result of isoproterenol treatment codes for a 
regulatory enzyme which acts on  a  N-acetyltransferase  pre- 
enzyme to yield the arylalkylamine N-acetyltransferase. If 
this is the case, then  the single gene-two N-acetyltransferase 
hypothesis might apply. Further investigations in this area 
should answer these  interesting questions. 
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